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Here we report that deletion of SOD1, the Cu,Zn-superoxide dismutase in Saccharomyces cerevisiae is
sensitive to cell wall-perturbing agents, such as Calcoﬂuor white and Congo red. The sensitivity was
restored by retransformation with wild type SOD1 or the addition of N-acetylcysteine or reduced
glutathione to the medium. Additionally, the accumulation of reactive oxygen species was observed
in sod1D mutant in the presence of Calcoﬂuor white or Congo red. Cell wall analysis indicated an
increase of cell wall chitin and cell wall thickness in sod1D mutant compared to wild type. These
results indicate a novel direct connection between antioxidative functions and cell wall
homeostasis.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Superoxide dismutases (SODs) are a class of enzymes that cata-
lyze the dismutation of superoxide into hydrogen peroxide and
oxygen. In eukaryotes, SODs have two forms. One contains manga-
nese (Mn), encoded by SOD2 in budding yeast, while the other con-
tains copper–zinc (Cu–Zn). The Cu,Zn-superoxide dismutase
(CuZnSOD) is encoded by the SOD1 in budding yeast [1]. It is one
of the main antioxidative enzymes against reactive oxygen species
(ROS), which are generated from aerobic metabolism or in stress
conditions. SOD1 deletion is sensitive to oxidative stress and
hypersensitive to superoxide-generating drugs. Sod1p is also asso-
ciated with many other cellular processes, such as hyperosmotic
stress response, life-span and apoptosis in Saccharomyces cerevisiae
[2,3]. In human, Sod1p mutations are reported to be associated
with familial amyotrophic lateral sclerosis, also known as motor
neuron disease [4].
The fungal cell wall is important for cell growth, cell morpho-
genesis and protecting against stress environmental conditions.
The cell wall is also regarded as the prime target for antifungalchemical Societies. Published by E
, Calcoﬂuor white; CR, Congo
D, Cu,Zn-superoxide dismu-
orodihydroﬂuorescein diace-
oresceindrug development [5]. In S. cerevisiae, cell wall is mainly composed
of glucan, mannoprotein and chitin, which are interconnected to
form a macromolecular complex. The yeast cell wall is a dynamic
structure that can adapt to different physiological states (e.g. spor-
ulation or budding) and various stress conditions (e.g. exposure to
cell wall-perturbing agent or hypo-osmotic shock) [5,6].
Although it has been studied extensively about the antioxida-
tive functions of Sod1p, little is known about its function related
to cell wall structure and function. In this study, we report that
Sod1p is involved in cell wall homeostasis in S. cerevisiae. SOD1
deletion causes a signiﬁcant increase of cell wall chitin, one of
the major components of yeast cell wall. SOD1 mutation also
causes increased sensitivity to the cell wall-perturbing agents,
including Calcoﬂuor white (CFW) and Congo red (CR). ROS accu-
mulation is observed in SOD1 deletion in the presence of CFW or
CR, suggesting a direct connection between antioxidative function
and cell wall.
2. Materials and methods
2.1. Yeast strains and media
Yeast strains used in this study are S. cerevisiaewild type strains
W303-1A(MATa, leu2-3/112 ura3-1 trp1-1 his3-11/15 ade2-1 can1-
100 mal0) [7], LZ609(Derivative of W303-1A: sod1::kanMX4) (This
study), LZ107(Derivative of W303-1A: chs3D::URA3) (This study),lsevier B.V. All rights reserved.
Fig. 1. SOD1 deletion in both W303 and DBY746 backgrounds are hypersensitive to
the cell wall-perturbing agent. (A) Ten-fold serial dilution of the W303 (wild type),
sod1D (W303 background), EG103 (wild type, DBY746 background), sod1D
(DBY746 background), sod2D (DBY746 background) and sod1Dsod2D (DBY746
background) were spotted onto YPD, supplemented with 5 lg/mL CFW or 10 lg/mL
CR. (B) W303 (wild type) or sod1D (W303 background) strains containing an empty
vector (pRS316) or the same vector bearing the SOD1 gene. Four microliters of 10-
fold serials dilutions of each transformant was spot onto YPD or YPD containing
5 lg/mL CFW or 10 lg/mL CR. Cells were culture at 30 C for 2–3 days.
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study) and EG103(DBY746 background; MATa leu2-3,112 his3D1
trp1-289 ura3-52 GAL+ ) (wild type), EG118(Derivative of EG103:
sod1D::URA3), EG110(Derivative of EG103: sod2D::TRP1) and
EG133(Derivative of EG103: sod1D::URA3 sod2D::TRP1) [8]. Yeast
cells were routinely grown in YPD media (1% yeast extract, 2% pep-
tone, 2% glucose) or in synthetic complete (SC) medium (0.17%
yeast nitrogen base, 2% glucose, 0.5% (NH4)2SO4, and supplemented
with all amino acids except those not to be added to maintain plas-
mids (leucine).
2.2. Gene disruption
Construction of sod1D and chs3Dmutantswas performed by long
ﬂanking homology (LFH)-PCR [9]. For disruption of SOD1, the prim-
ers S-1(50-AGTATCTCTGAAGTGCAG-30) and S-2(50-GTCATCACC-
GAAACGCGCTGTTAGTTATCAAAAAAAGGT-30) were used to amplify
the 50 homologous sequence of the SOD1 locus, and the primers S-
3(50-AGAAAATACCGCATCAGGAAACATATATACTCATTCTTTAGAAAT-
30) and S-4 (50-AATAGTGAATGATATGGAG-30) were used to amplify
the 30 homologous sequence. Plasmid pLEJ009 [10] was used as tem-
plate to amplify kanMX4 disruption cassette. For disruption of CHS3,
the primers C-1(50-TTCCTGTGTTTCAGATTTACAT-30) and C-2(50-
GTCATCACCGAAACGCGCCTCCATTCAAGCCGGTCAT-30) were used
to amplify the 50 homologous sequence of the CHS3 locus, and the
primers C-3(50-AGAAAATACCGCATCAGGAAATGACTCCTTCGCATAG-
30) and C-4 (50-TAGAAGAATTTAGTGGCGACA-30) were used to ampli-
fy the 30 homologous sequence. Plasmid pRS316 was used as tem-
plate to amplify URA3 disruption cassette. All the gene disruptions
were conﬁrmed by PCR.
2.3. Plasmids
The SOD1 expression plasmid (kindly provided by Prof. Shadel
GS [3]) was generated by cloning the full-length SOD1 together
with the 533 bp upstream of the initiating ATG and 534 bp down-
stream of the stop codon into the pRS316 plasmid.
The plasmids for overexpression of TKL1 (pTKL1) [2] and control
(YEp13) was kindly provided by Prof. Ian W. Dawes.
2.4. Spot dilution growth assays
Cells were precultured in YPD or SC-URA or SC-LEU liquid med-
ium overnight. Cells were harvested by centrifugation, washed
twice with water and resuspended in water. The cell density was
normalized to OD600 = 1.0. A 10-fold serial dilution of this culture
was made and 4 ll of each dilution were spotted onto appropriate
solid medium. Cells were cultured at 30 C for 2–3 days.
2.5. Detection of reactivated oxygen species (ROS)
The level of intracellular reactive oxygen species (ROS) was de-
tected with 20,70-dichlorodihydroﬂuorescein diacetate (DCFH-DA)
ﬂuorescence probe [11]. Brieﬂy, cells were incubated in YPD med-
ium with or without cell wall-perturbing agent (20 lg/ml CFW or
10 lg/ml CR) for 90 min, yeast cells were then harvested, washed
with PBS, and stained with 10 lg/ml DCFH-DA at 30 C for
30 min. The cells were washed three times with PBS, resuspended
in 1 ml of PBS and monitored with a ﬂuorescence microscope. Fluo-
rescence intensity was quantiﬁed from randomly chosen more
than 100 cells at each conditions using NIH ImageJ software
(http://rsb.info.nih.gov/ij/).
2.6. Measurement of cell wall chitin content
The chitin level was measured as described by Kapteyn et al.
(1999) [12], with some modiﬁcation. In brief, yeast cells werecollected and washed, resuspended in the lysis buffer (100 mM
Tris/HCl pH8.0, 1 mM henylmethylsulphonylﬂuoride), disrupted
in a Fastprep fp120 (Bio 101)with the aid of 450-lm-diameter glass
beads (Sigma). Cell walls were harvested by centrifugation and
washed extensively with 1 M cold NaCl. Isolated cell walls were ex-
tracted twice in 1.5 ml solution containing 100 mM Tris/HCl (pH
7.5), 2% (w/v) SDS, 5 mMEDTA, 200 mMNaCl, 0.3% (v/v), b-mercap-
toethanol for 10 min at 100 C . SDS-extracted cells walls were
washed six times with sterile water, lyophilized and the dry
weights were determined. About 100 mg dry weight of SDS-ex-
tracted cells walls was hydrolyzed in 1 ml 6 M HCl at 100 C for
17 h. After lyophilization, the samples were resuspended in 1 ml
H2O and N-acetylglucosamine and measured by the Morgan–Elson
method. Then, 0.1 ml of sample was added an equal volume of solu-
tion A (1.5 M Na2CO3 in 4% acetylacetone). The mixture was heated
in a thermocycler (Bio-red) to 100 C for 20 min, and cooled down
immediately to 20 C. One hour after the addition of 0.7 ml of 96%
ethanol and 0.1 ml solution B (Ehrlich’s reagent, 1.6 g of p-dimeth-
ylaminobenzaldehyde in 30 ml of ethanol and 30 ml of 6 M HCl),
the absorbance was measured at 520 nm. Chitin content is ex-
pressed as lg N-acetylglucosamine per mg cell wall dry weight.
2.7. Measurement of cell wall glucan content
To remove mannoproteins, SDS-extracted cell wall was incu-
bated in 0.5 ml 100 mM Tris/HCl buffer (pH 7.5) containing 1 mg
trypsin for 2 h at 37 C. The trypsinated cell wall was extractedwith
3% (w/v) NaOH at 37 C for 6 h. After cooling, the suspension was
centrifuged and the supernatant solution containing alkali-soluble
glucans neutralized with NaOH acetic acid, dialysed. Alkali-soluble
glucans were precipitated by the addition of two volumes of abso-
lute ethanol, washed two times with 75% (v/v) ethanol and lyophi-
lized. The dry weight of all fractions was determined [13].
2.8. Transmission electron microscopy (TEM)
Samples were prepared for TEM according to the protocol de-
scribed by Liu et al. (2009) [14]. In brief, Cells cultured at 30 C
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tion, washed in phosphate buffered saline (PBS) (pH 7.2), resus-
pended in 2.5% (v/v) glutaraldehyde in PBS and ﬁxed overnight at
4 C. Cells were further ﬁxed by 2% potassium permanganate in
water for 1 hour at room temperature. Fixed cells were dehydrated
with 30%, 50%, 75%, 85%, 95%, and 100% ethanol. Cells were inﬁl-
trated in Epon812 resin (SPI-CHEM, USA) and polymerized at
60 C overnight in the oven. 70 nm ultrathin sections were cut with
a diamond knife, stained with 2% uranyl acetate and lead citrate,
examined using a JEOL JEM-1400 electron microscope, equipped
with a high resolution (1 K  1 K) cooled CCD digital camera (Ga-
tan, Inc.).Fig. 2. Observation of reactive oxygen species production in yeast cells exposed to cell
W303 background) were grown in YPD or YPD containing 20 lg/mL CFW or 20 lg/mL C
ﬂuorescence microscopy. BF = bright ﬁeld. (B) Quantiﬁcation of ROS production. The RO
background. The ﬂuorescence intensity of more than 100 cells at each condition was m
subtract the background. Error bars show standard deviations.3. Results and discussion
3.1. Sod1p deletion causes increased sensitivity to cell wall-perturbing
agents
The cell wall-perturbing agents, such as CFW and CR, have been
regarded as a powerful tool to identify mutants with defective cell
wall [15]. They bind to chitin and glucan and interfere with the
synthesis and cross-linking of these major cell wall components.
To investigate the possible role of Sod1p on cell wall, we compared
the growth of sod1D to wild type in the presence of these com-
pounds. As shown in Fig. 1A, sod1D (W303 background) mutantwall-perturbing agents. (A) Yeast strains W303 (wild type) and LZ609 (sod1D in a
R at 30 C for 60 min. The cells were then stained with DCFH-DA and examined by
S of W303 is non-detectable. The ﬂuorescence intensity of W303 was used as the
easured using NIH ImageJ software (http://rsb.info.nih.gov/ij/) and normalized by
Fig. 3. Effects of antioxidants, overexpression of TKL1 gene and H2O2 on the growth
of sod1Dmutant under cell wall stress conditions. (A) Ten-fold serial dilution of the
W303 (wild type), sod1D (W303 background) EG103 (wild type, DBY746 back-
ground) and sod1D (DBY746 background) were spotted onto YPD, supplemented
with 5 lg/mL CFW or 10 lg/mL CR, or YPD or YPD containing CFW with either NAC
or GSH, and YPD containing CR with either NAC or GSH. (B) Four microliters of
ﬁvefold serial dilutions of W303 (wild type) and sod1D (W303 background)
transformed with either vector alone (YEp13) or TKL1 expression plasmids (pTKL1)
was spotted on YPD and YPD containing 5 lg/mL CFW or 10 lg/mL CR. (C, D) Ten-
fold serial dilution of the W303 (wild type), sod1D (W303 background) were
spotted onto YPD, supplemented with CFW or CR with or without H2O2. Cells were
cultured at 30 C for 2–3 days.
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another yeast background (DBY746). The DBY746-derived sod1D
strain also displayed a high sensitivity to those compounds as com-
pared to the wild type strain. After retransformation with a wild
type copy of the SOD1 gene, the susceptibility of sod1D to CFW
and CR was restored (Fig. 1B). These results indicated that Sod1p
is required for the yeast cell wall function against the cell wall-per-
turbing agents. Recently, transcriptome analysis [16] revealed that
the expression of several genes involved in oxidative stress resis-
tance in Aspergillus niger, including a homologue of the S. cerevisiae
CuZnSOD (An07g03770), were induced in response to the cell wall
inhibitor caspofungin. This is indicative that Cu,Zn-superoxide dis-
mutase plays a general role in the maintenance of fungal cell wall.
Additionally, we observed that the sod1Dsod2D double mutant
showed the same phenotype as the sod1D mutant, whereas the
sod2D mutant grew similar to wild type (Fig. 1A), suggesting that
protection of yeast cells against cell wall stress is dependent on
Sod1p but not the manganese containing Sod2p.
3.2. Cell wall perturbation induced oxidative stress in sod1D
Because Sod1p is a primary antioxidant enzyme, we sought
to investigate whether the increased sensitivity of sod1D to cell
wall perturbation is involved in the oxidative stress and gener-
ation of reactive oxygen species (ROS). First, the level of ROS in
yeast cells was detected by 20,70-dichlorodihydroﬂuorescein
diacetate (DCFH-DA), which is oxidized by ROS to the ﬂuores-
cent chromophore, 20,70-dichloroﬂuorescein (DCF). As indicated
by ﬂuorescence microscopy (Fig. 2A), after exposing to CFW
or CR, the DCF ﬂuorescence was signiﬁcantly increased in the
sod1D, while the wild type cells under these conditions showed
only low level of DCF ﬂuorescence. Quantitative analysis of the
relative ﬂuorescence intensity showed a 19-fold and 18-fold in-
crease in ﬂuorescence intensity in the sod1D mutant after trea-
ted with CFW and CR, respectively (Fig. 2B). It is notable that a
low level of DCF ﬂuorescence was also observed in sod1D under
normal conditions, further suggesting the antioxidative function
of Sod1p. Consistent with this result, other studies also showed
a higher level of intracellular oxidation and oxidized glutathione
in exponential growth sod1D than in the wild type cells [17,18].
Second, we analyzed the effect of the antioxidants, such as N-
acetyl-L-cysteine (NAC) and reduced glutathione (GSH) [11,19],
on the growth of sod1D under cell wall stress conditions. As
shown in Fig. 3A, the addition of the 30 mM NAC or 10 mM
GSH restored the growth of sod1D in the presence of cell
wall-perturbing agent (CFW or CR). NAC has been shown to ex-
ert antioxidant functions through at least two different path-
ways. It scavenges ROS through the reaction with its thiol
group; or it stimulates glutathinone metabolism after being
converted to cystenine [20]. To discriminate between these
two, the ROS level of sod1D under cell wall stress condition
in the presence of NAC or GSH was measured. As shown in
Fig. 2B, the ROS level in sod1D mutant after treated with the
cell wall-perturbing agent (CFW or CR) was markedly sup-
pressed by NAC or GSH, suggesting that the effect of NAC and
GSH is through its ROS-scavenging properties. To further clarify
the role of ROS in yeast cell wall stress resistance, we analyzed
the effect of externally added H2O2 on the sensitivity of yeast
cells to CFW or CR. As shown in Fig. 3C and D, the addition
of H2O2 caused both wild type and sod1D cells more sensitive
to the cell wall-perturbing agent CFW or CR, further suggesting
the relationship between the oxidative stress and the cell wall
stress resistance.
ROS accumulation caused by CFW has also been reported re-
cently by others [21,22]. They showed that the cell wall-perturbing
agent CFW caused endoplasmic reticulum (ER) stress, which inturn, caused accumulation of ROS. A more recent study showed
that Sod1p plays an important role in the tolerance of ER stress,
by eliminating the excess of ROS [23].
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tivity of sod1D to cell wall-perturbing agent (CFW or CR) might be
due to accumulation of excess ROS and oxidative damages caused
by Sod1p deﬁciency.
Cellular NADP(H) homeostasis is important for tolerance to ROS.
It has been reported that overexpression of TKL1 gene (encoding an
isoform of transketolase) suppresses the oxygen sensitivity and
methionine auxotrophy of sod1D strains through its ability to in-
crease intracellular level of NADPH [19,24]. Despite the ability to
rescue these aspects of the sod1D phenotype, overexpression of
TKL1 gene did not rescue the sensitivity of sod1D to cell wall-per-
turbing agent (CFW or CR) (Fig. 3B), suggesting that this sensitivity
is no related to lowered NAPDH level.Fig. 4. Effects of SOD1 gene deletion on the yeast cell wall composition and structure. (A
(wild type), sod1D (W303 background) in mid-logarithmic phase were harvested, and the
Error bars show standard deviations. (B) Ten-fold serial dilution of the W303 (wild typ
background) were spotted onto YPD, supplemented with containing 65 lg/mL CFW or 1
W303 (wild type), sod1D (W303 background) cells observed by transmission electron m3.3. Sod1p deletion altered yeast cell wall composition and structure
To investigate the role of Sod1p in cell wall homeostasis in more
detail, we analyzed the cell wall composition and cell wall ultra-
structure of sod1D mutant. The chemical analysis of cell wall
showed that the chitin content in the cell wall of sod1D mutant
was 25% higher than that in wild type. In contrast, the amount of
alkali- and acid-insoluble glucan and alkali-soluble glucan was
not signiﬁcantly different in these two strains (Fig. 4A).
CFW is a toxic chitin-binding agent [15]. We asked if the high
level of chitin played a role in the increased sensitivity to the cell
wall-binding agent. To test this possibility, CHS3, a gene encodes
the major chitin synthase, was disrupted in both W303 and in) Comparison of chitin and glucan levels in wild type and sod1Dmutant cells. W303
cell compositions were analyzed as described in the materials and methods section.
e), sod1D (W303 background), chs3D (W303 background) and sod1Dchs3D (W303
mM H2O2. Cells were culture at 30 C for 2–3 days. (C) Cell wall ultrastructure of
icroscopy. Bar = 0.2 lm.
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tion of cell wall chitin (Fig. 4A) and more resistant to CFW was ob-
served in chs3D mutant (Fig. 4B), comparing to the wild type. The
sod1Dchs3D double mutant was more resistant to CFW than the
sod1D single mutant (Fig. 4B), suggesting that cell wall chitin plays
an important role in the sensitivity of sod1D to CFW.
To investigate whether there is any alteration in the cell wall
ultrastructure of sod1D mutant, we examined the yeast cell by
transmission electron microscopy (TEM). Both wild type and sod1D
strains exhibited the characteristic bilayer cell wall with a translu-
cent, carbohydrate region sandwiched between two electron-
dense mannoprotein layers (Fig. 4C). The sod1D strain showed a
slightly thicker cell wall (90 nm), comparing to the wild type
(85 nm), possibly due to the extra accumulation of chitin in
sod1D strain.
In summary, we ﬁrst reported a novel role of the major antiox-
idant enzyme Sod1p in the maintenance of the cell wall in S. cere-
visiae, and provided an important link between antioxidative
functions and cell wall homeostasis.
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